Abstract. Doxorubicin (DOX) is a potent and currently available antitumor therapeutic agent; however, its clinical application is limited by the occurrence of cardiotoxicity. Preliminary evidence indicates that hydrogen sulfide (H 2 S) may exert protective effects against DOX cardiotoxicity. Therefore, the aim of the present study was to investigate whether calreticulin (CRT) is involved in the cardioprotection of H 2 S against DOX-induced cardiotoxicity. DOX was observed to markedly induce injuries, including cytotoxicity and apoptosis, and also enhance the expression level of CRT. Notably, pretreatment of H9c2 cells with sodium hydrosulfide (a donor of H 2 S) significantly attenuated the decreased cell viability, the increased apoptosis rate and the increased expression level of CRT in H9c2 cells. In addition, pretreatment of H9c2 cells with N-acetyl-L-cysteine, a scavenger of reactive oxygen species (ROS) prior to exposure to DOX, markedly decreased the expression of CRT. These results indicate that exogenous H 2 S attenuates DOX-induced cardiotoxicity by inhibiting CRT expression in H9c2 cardiac cells.
Introduction
To date, doxorubicin (DOX) remains one of the most widely administered anticancer therapeutic agents, due to its potent therapeutic affects on a variety of cancer types, including leukemia, lymphoma and breast cancer (1) . However, its clinical use is limited by severe toxic side-effects on the heart, which may lead to dilated cardiomyopathy and congestive heart failure (2) . Numerous studies have shown that reactive oxygen species (ROS) generation has been implicated in DOX's cardiotoxicity, which ultimately leads to cardiomyocyte apoptosis (3) . The signal transduction pathway that links DOX-induced oxidative stress and cardiac injuries is currently a topic of particular interest.
Calreticulin (CRT), a Ca 2+ -binding molecular chaperone in the endoplasmic reticulum (ER), is vital in cardiac physiology and pathology (4, 5) . Recently, CRT was identified as a novel embryonic cardiac gene, which is highly expressed in embryonic hearts (6) , however, its expression is suppressed after birth (7) . Postnatally, elevated levels of CRT expression lead to impaired development of the cardiac conductive system and may be responsible for complete heart block (8) . In a study of transgenic mice overexpressing CRT in the heart, the mice developed bradycardia, associated with sinus node dysfunction, complete cardiac block and succumbed due to intractable heart failure (9) . Furthermore, overexpression of CRT enhanced apoptosis in myocardial H9c2 cells under conditions of retinoic acid-induced differentiation (10) or oxidative stress (11) . These findings indicate that CRT overexpression is a key factor determining cellular susceptibility to oxidative stress-induced apoptosis. Recent studies on H9c2 cells indicate that overexpression of CRT in cardiomyocytes affects the Akt signaling pathway and promotes apoptosis (10, 12) . However, the biological significance of CRT expression levels in DOX-induced cardiotoxicity currently remains unknown.
Hydrogen sulfide (H 2 S), a well-known toxic gas, has been specified as the third gasotransmitter along with nitric oxide and carbon monoxide (13) . Accumulating evidence has shown that H 2 S exerts important physiologic and pathophysiological action in the regulation of cardiovascular function (14) . Our previous study revealed that increased endogenous H 2 S generation in the early reperfusion phase is significant in ischemia preconditioning (IPC)-elicited protection in isolated hearts (14) . Based on these previous studies, the present study investigates the role of CRT in the protective effects of H 2 S against DOX-induced cardiomyocyte injuries.
H9c2 cells were treated with 5 µM DOX to establish a chemotherapy-induced cardiotoxicity model (15) and the aim of the present study was to establish whether DOX induces expression of CRT in H9c2 cells. Furthermore, the role of CRT in the protective effect of H 2 S against DOX-induced injury in H9c2 cells was elucidated. Cell culture. H9c2 cardiac myocytes were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 µg/ml streptomycin and 100 U/ml penicillin streptomycin (both Gibco Life Technologies, Carlsbad, CA, USA) in a humidified 5% CO 2 atmosphere at 37˚C. The H9c2 cardiac myocytes were passaged every two days. H9c2 cardiac myocytes were seeded at a density of 2x10 6 cells/dish in 100-mm dishes with 10% fetal calf serum and incubated for 24 h, the culture medium was subsequently changed to 0.5% FBS DMEM for 24-h starvation.
Materials and methods

Materials
MTT assay. The MTT assay is a standard method used to assess cell viability. Prior to each experiment, H9c2 cardiac myocytes (5,000 cells/well) were seeded in 96-well microtiter plates. Following incubation with NaHS for 30 min, the cells were treated with 5 µM DOX for a further 24 h. Subsequently, 10 µl MTT solution was added to each well and the plates were incubated for 4 h at 37˚C in a 5% CO 2 . The absorbance was measured with the SpectraMax 190 Spectrophotometer (Molecular Devices LLC, Sunnyvale, CA, USA) at 470 nm and used to calculate the relative ratio of cell viability (optical density of treatment group/optical density of control group x100%). Three independent experiments were performed for each experimental condition.
Assessment of cardiomyocyte cell apoptosis. Apoptosis was analyzed by fluorescence microscopy with the chromatin dye, Hoechst 33258. Following various treatments, the cells were fixed in ice-cold 4% paraformaldehyde dissolved in phosphate-buffered saline (PBS) at room temperature for 20 min. Non-specific binding was blocked using 5% normal goat serum in 0.01 M PBS containing 0.3% Triton X-100. Cells were washed twice with PBS and incubated with 10 µg/ml Hoechst 33258 for 15 min at room temperature in the dark.
The cells were visualized under a fluorescence microscope (BX50-FLA; Olympus Corporation, Tokyo, Japan). Apoptotic cells exhibited condensed, fractured or distorted nuclei, whereas viable cells displayed normal nuclear size and uniform fluorescence.
Western blot analysis. Cells were homogenized directly into cell lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) and phosphatase inhibitor cocktail (Sigma-Aldrich), and lysates were centrifuged at 12,000 rpm for 10 min at 4˚C. The protein concentration was determined with the use of a bicinchoninic acid protein assay kit according to the manufacturer's instruction. The extracted proteins were mixed with 5% sodium dodecyl sulfate (SDS)-PAGE sample buffer, then boiled at 100˚C for 7 min and separated by electrophoresis on a 10% SDS-polyacrylamide gel. Subsequent to electrophoresis, proteins were transferred to polyvinylidene difluoride membranes. The membranes were blocked in Tris-buffered saline with 0.1% Tween-20 (TBS-T) containing 5% non-fat dry milk for 2 h at room temperature with rotation (20 rpm for 2 h). After blocking, the membranes were incubated with the following antibodies: Rabbit anti-cystathionine γ-lyase (CSE) polyclonal antibody (1:1,000; Cell Signaling Technology, Inc.) and rabbit CRT polyclonal antibody (1:200; Abcam, Cambridge, UK). Then, membranes were incubated in bovine serum albumin overnight at 4˚C. The primary antibody was removed by washing the membranes three times in TBS-T and incubated for 2 h with the appropriate horseradish peroxidase-conjugated secondary antibodies. Following three washes in TBS-T, the antigen-antibody bands were detected using an Enhanced Chemiluminescence Reagent kit (Beyotime Institute of Biotechnology, Shanghai, China) and quantified using the Quantity One Software Package (Bio-Rad Laboratories, Ltd., Hemel Hempstead, UK).
Statistical analysis.
Results are presented as the mean ± standard error of the mean. Statistical analysis was performed using Student's t-test or analysis of variance with SPSS 13.0 (SPSS Inc., Chicago, IL, USA) and P﹤0.05 was considered to indicate a statistically significant difference.
Results
Effects of DOX on the expression of CRT in H9c2 cells.
To investigate the effect of DOX on the expression of CRT, H9c2 cells were treated with 5 µM DOX for 0 (at the time of treatment), 3, 6, 12 and 24 h. Western blot analysis demonstrated that DOX treatment enhanced the CRT expression levels in a time-dependent manner (Fig. 1) .
DOX inhibited the expression of CSE in H9c2 cells. CSE is the major enzyme responsible for endogenous H 2 S generation in H9c2 cells (16) . Western blot analysis was performed to evaluate whether DOX decreases endogenous H 2 S production by inhibiting the expression of CSE. Treatment with 5 µM DOX for the indicated time periods (0, 3, 6, 12 and 24 h) caused a significant downregulation of CSE expression in H9c2 cells (Fig. 2) . These data indicate that DOX induced the inhibition of CSE expression in H9c2 and contributed to the DOX-elicited decrease in endogenous H 2 S production.
Exogenous H 2 S inhibits DOX-induced expression of CRT in
H9c2 cells. The effect of NaHS on the expressions of CRT induced by DOX was detected to assess whether the cytoprotective effect of H 2 S against DOX-induced toxicity was associated with the inhibition of CRT in H9c2 cells. The results demonstrated that pretreatment of H9c2 cells with 100 µM NaHS (a donor of H 2 S) for 30 min prior to exposure to 5 µmol/l DOX for 24 h significantly inhibited the DOX-induced overexpression of CRT (Fig. 3) . These data indicate that the cardioprotection of H 2 S is associated with its inhibitory effect on DOX-induced CRT expression.
NAC suppresses the DOX-induced expression of CRT in H9c2 cells.
To identify whether the inhibitory effect of NaHS on the DOX-induced increase in expression of CRT is associated with its antioxidation, H9c2 cells were pretreated with 1,000 µM NAC (an ROS scavenger) for 60 min prior to exposure to 5 µM DOX for 24 h. As shown in Fig. 4 , similar to the inhibitory effect of NaHS pretreatment, the pretreatment of cells with NAC for 60 min markedly depressed the expression of CRT. The results revealed that the antioxidant effect, resulting from NAC administration, contributed to the inhibitory effect of H 2 S on the DOX-induced expression of CRT.
Effect of H 2 S and NAC on DOX-induced cytotoxicity.
As presented in Fig. 5 , exposure of H9c2 cells to DOX at a dose of 5 µM for 24 h induced marked cytotoxicity, leading to a decrease in cell viability. However, pretreatment of cells with 100 µM NaHS for 30 min prior to exposure to DOX significantly ameliorated the DOX-induced cytotoxicity, as evidenced by an increase in cell viability (P﹤0.01 compared with the DOX-treated group). Similar to the effect of NaHS, pretreatment with NAC for 60 min significantly attenuated the DOX-induced decrease in cell viability (P﹤0.01 compared with the DOX-treated group). Neither NaHS nor NAC alone altered cell viability in the H9c2 cells.
Effect of H 2 S and NAC on DOX-induced apoptosis.
The effects of NaHS and NAC treatment on DOX-induced apoptosis was also observed. As shown in Fig. 6 , H9c2 cells treated with 5 µM DOX for 24 h exhibited typical characteristics of apoptosis, including condensation of chromatin, shrinkage of nuclei and apoptotic bodies. However, pretreatment of cells with 100 µM NaHS for 30 min prior to DOX exposure markedly decreased the DOX-induced increase in cell number, as well as decreasing the nuclear condensation and fragmentation. In addition, H9c2 cells were preconditioned with a common ROS scavenger, NAC (1,000 µM) prior to DOX treatment. The results indicated that pretreatment of cells with NAC significantly attenuated DOX-induced H9c2 cell apoptosis. NaHS or NAC alone did not markedly alter the cell morphology or the percentage of apoptotic H9c2 cells. These findings suggest that an antioxidant effect participates in the inhibitory effect of H 2 S on the DOX-induced apoptosis of H9c2 cells.
Discussion
Numerous studies have revealed that the major molecular mechanism involved in DOX-induced cardiac toxicity is free radical-induced oxidative stress and cardiomyocyte death, as a result of apoptosis and necrosis. Consistent with previous studies (17, 18) , the present study observed that exposure of H9c2 cells to DOX markedly induced cellular injury, including decreased cell viability, as well as increased cell apoptosis and expression of CRT.
Previously, the cardioprotective effects of H 2 S have been demonstrated in animal models of disease (19) . H 2 S infusion significantly reduces myocardial infract size and improves regional left ventricular function, as well as endothelium-dependent and -independent microvascular reactivity in a porcine model of myocardial ischemia-reperfusion (20) . Furthermore, H 2 S attenuates myocardial necrosis and apoptosis (21) . In addition, endogenous H 2 S is associated with the cardioprotection that results from metabolic inhibition preconditioning in rat ventricular myocytes (22) . Inhibition of endogenous H 2 S generation, by its synthesis inhibitor (DL-propargylglycine), has been shown to block the protective effect of IPC in isolated 
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hearts, as well as in isolated cardiac myocytes (23) . In the present study, H9c2 cells were used to elucidate the effect of DOX on endogenous H 2 S generation. Exposure of H9c2 cells to DOX resulted in a significant decrease in H 2 S generation.
CRT is a major ER protein that is significant in cardiac development and pathology (24) . Various reviews have revealed that CRT is highly expressed in embryonic hearts, but not in mature hearts, and may be an early cardiac gene product (25) . Mice with a targeted disruption of the CRT gene succumb in utero exhibiting decreased ventricular cell mass due to increased apoptosis of cardiac myocytes (26) . In addition, studies with CRT-deficient cells suggest that CRT participates in apoptosis (27) . In the CRT transgenic heart, CRT-dependent cardiac block involves damage to L-type Ca 2+ channels, and gap junction connexin-40 and -43, due to defective regulation of Ca 2+ homeostasis (8) . Overexpression of CRT suppresses Akt signaling and causes differentiation-induced apoptosis in H9c2 cells (10) . In the present study, the results showed that the expression of CRT was increased following DOX treatment, and exogenous H 2 S preconditioning was demonstrated to suppress CRT expression while markedly attenuating DOX-induced apoptosis.
Increasing evidence indicates that ROS are significant in the pathogenesis of cardiac failure (28). Furthermore, antioxidants have been shown to exert protective and beneficial effects against heart failure (29) . Oxidative stress is a primary mechanism by which DOX induces cardiomyocyte injury. Notably, the present study demonstrated that oxidative stress was involved in DOX-induced cell injury and established whether DOX activation of CRT is due to the induction of ROS. Pretreatment of H9c2 cells with NAC (a ROS scavenger) was shown to significantly attenuate DOX-induced expression of CRT. Thus, the results of the present study support the hypothesis that DOX induction of ROS activates CRT, which mediates DOX-induced injury in H9c2 cells.
In conclusion, the current study identified that H 2 S inhibits DOX-induced apoptosis in H9c2 cells, which may involve inhibition of ROS-mediated CRT expression. Therefore, the present study has elucidated the mechanisms of H 2 S-mediated anti-apoptosis in cardiomyocytes and provided evidence for identifying H 2 S as a candidate for application in the treatment of cardiovascular diseases.
